ABSTRACT: This study evaluated the property recovery capability of handsheets formed from secondary fibers by combining different techniques. To attain that, pulps derived from post-consumer cardboard scrap were subjected to various refining intensities respectively in a PFI mill (0, 400, 800 and 1200 revolutions) and ultrasound (0, 10, 20 and 30 minutes), followed by enzymatic treatments with enzymes Cellulase, Hemicellulase, Mixture 1 and Mixture 2 (both mixtures composed of cellulase and hemicellulase). The papermaking potential of the pulps was evaluated by means of physical and mechanical tests on the resulting paper after the relevant treatments. It was found that both the combination of PFI mill refining with enzymatic treatments and the combination of ultrasound with enzymatic treatments were effective in improving paper properties. It was also found that interfiber bonding properties such as tensile index and ring crush strength had greater increases, in relation to the initial pulp, in pulps derived from the combined PFI mill refining with enzymatic treatments. As for intrinsic fiber strength properties, such as tear resistance, had greater increases in pulps derived from the combined ultrasound with enzymatic treatments.
INTRODUCTION
Steady expansion of the paper recycling industry attests to the growing importance of such activity in a country's economy, revealing a change in the outlook of society as more and more people have grown to accept recycled products.
Looking to significantly increase productivity and improve the quality of products launched in the market, manufacturing companies and research institutes have been investing in the development of new technologies to try and mitigate, whether partially or fully, the negative effects of previous production cycles.
Enzymatic treatment has proved to be capable of causing changes to the characteristics of fibers, there being reports of improvements to the mechanical strength properties of the resulting paper (GIL et al., 2007; DICKSON, 2001; POMMIER et al., 1990; SOUSA, 2002; STORK; PULS, 1995; TAOUAI et al., 2008; WONG; MANSFIELD, 1999) . Likewise, ultrasound wave technologies are shedding new light on the subject of restoring properties of recycled paper (MANFREDI et al., 2012; OLIVEIRA, 2010) . Therefore, a combination of these technologies can be an alternative to the conventional production process while exploring the great potential of secondary fibers.
This study thus evaluates the capability potential of enzymatic treatments using different types of enzyme in combination with conventional mechanical refining and with ultrasonic treatments as an alternative for restoring properties of recycled paper.
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MATERIAL AND METHODS
Secondary fibers from post-consumer cardboard scrap were used to perform this study. To start with, scrap pieces in sufficient quantities to perform all treatments were hydrated for 4 hours and then processed in a pulper. The pulp was wetly homogenized in a drum and centrifuged to remove excess water, then disaggregated, placed in plastic bags and stored under refrigerated conditions (4°C).
PFI mill refining
Conventional refining was performed on a 30g oven-dry pulp sample, which was disaggregated at 3000 revolutions at around 0.8% consistency using a Regmed laboratory pulper. The pulp was then prepared at 10% consistency and refined in a PFI mill. The number of revolutions used for refining was estimated, so as to reach a maximum °SR value close to 55, and then compared to the proposed alternative ultrasound refining. The refining intensity was 0, 400, 800 and 1200 revolutions. Following the refining stage, the pulps were subjected to enzymatic treatments.
Ultrasonic refining
The ultrasonic treatment was performed by directly applying a nominal power of 190 Watts to the pulp sample. For that, 30g of oven-dry pulp was disaggregated in distilled water at 3000 revolutions. Consistency was then adjusted to 3% because at this consistency, based on studies by Silva (2002) , ultrasound phenomena are more effective in developing paper properties, which are for the most part dependent on external fibrillation. A mechanical stirrer was used in order to keep the pulp continually moving, that way standardizing ultrasonication in all treatments. The pulp was subjected to 0, 10, 20 and 30 minutes of ultrasonication, noting that these time intervals were aimed at reaching a maximum °SR value close to 55. Following ultrasonication, the pulps were subjected to enzymatic treatments.
Enzymatic treatments
The enzymatic treatment was performed with commercial enzymes, maintaining also a control sample in which the operating conditions had no addition of enzymes (reference).
For each repetition, 30 g of oven-dry pulp were used. The enzymatic treatments were performed in bain-marie, under constant stirring, and the operating conditions are described in Table 1 as per manufacturer recommendations. The pulp was subsequently rinsed in 9 liters of distilled water.
Physical and mechanical tests
For the physical and mechanical tests, handsheets were made using a TAPPI handsheet former (Technical Association of Pulp and Paper Industry) according to the methodology prescribed by TAPPI. At each refining level, 5 handsheets (120g/m 2 ) were formed in preparation for the compression tests. The remainder of the suspension was used to determine drainage resistance (TAPPI T 248 cm-85) and to form 60g/m² handsheets in order to perform the other tests described in Table 2 (TAPPI 205 om-81). The handsheets were stored in an environment with a relative humidity of 50±2% and a temperature of 23±1°C .
Trial tests were conducted according to standardized procedures and methodologies prescribed by the Technical Association of the Pulp and Paper Industry (TAPPI), as illustrated in Table 2 .
Statistical analysis
After the treatments, results found were statistically analyzed by regression analysis using software application SAS (Statistical Analisys System). The resulting equations 
RESULTS AND DISCUSSION
Physical and mechanical properties of the pulp and paper
Drainage resistance
The combination of mechanical refining in a PFI mill with enzyme treatments provided higher values of drainage resistance, in relation to the initial, unrefined control pulp (0 Wh of energy consumption), as is illustrated in Figure 1 . This property, being directly correlated with fines content, flexibility and interfiber bonding, indicates that the combination of ultrasonication with enzymatic treatments acts more mildly than the combination of PFI refining with enzymatic treatments.
It was found that at higher intensities (10Wh onward for pulps refined in a PFI mill and 60 Wh onward for pulps subjected to ultrasound), pulps subjected to the treatments Cellulase and Mixture 1 had decreases in drainage resistance. A possible explanation for this fact is that, once fines are separated from the fiber wall and increase with intensified refining, they start to hydrolyze under the effect of enzymes and therefore fail to participate as a filling material to help increase drainage resistance. It is thus postulated that increase in the number of interfiber bonds did not suffice to compensate for the hydrolysis of fines.
Several authors observed a reduction in drainage resistance after subjecting fibers to enzymatic treatments (GIL et al., 2007; POMMIER et al., 1990; SOUSA, 2002; STORK; PULS, 1995) and associated such event with hydrolysis of fines, given their high amorphous contents.
It should be noted that the changes occurring to the pulps that reflected as a reduction in drainage resistance, due to a reduction in fines content, did not result in a reduction of other properties being assessed. The correlation between physical properties and presence of fines will depend on the type of pulp in question (SOUSA, 2002) . Mohlin (1977 Mohlin ( , 1980 ) studied this correlation and found that an optimal ratio of fines will depend on the property of interest, noting that it typically ranges between a minimum value that allows resistance to increase and a maximum value from which improvement to the properties is minimal. maximum increase of 66.30%, with respect to the initial control pulp, requiring 31 Wh of energy consumption when using the same enzyme.
The Hemicellulase treatment following PFI refining led to an increase of up to 71.96%, in relation to the initial control pulp, requiring 10 Wh of energy consumption. Above 10Wh, however, a decrease of 17.65% was noted in that property in comparison with the pulp only subjected to refining at the same intensity. This could be associated with fiber brittleness as caused by increasing intensity of PFI refining, noting that this did not occur with Cellulase or with Mixtures 1 and 2.
Effects of enzymatic treatment are more noticeable when they are combined with mechanical and ultrasonic refining at lower intensities. In such cases, tensile strength tends to increase, to stabilize and to reduce with increasing refining intensity. This reduction could be associated with the occurrence of fiber brittleness.
Results in this study and literature findings (GIL et al., 2007; DICKSON, 2001; SPIRIDON; DUARTE, 2002; TAOUAI et al., 2008; WONG; MANSFIEDS, 1999) lead to the conclusion that enzymatic treatments help improve interfiber bonding and their potential increases if combined with mechanical refining and/or ultrasonication.
Tear resistance
The combination of PFI refining with the enzymatic treatments resulted in a reduction of intrinsic fiber strength, and the combination of these technologies weakened the fibrillar structure even further (Figure 3) . A similar effect was found by Ganapati and Heitmann (1991) and Pala et al. (1998) . The pulp treated with Hemicellulase had the greatest reduction, in relation to the reference pulp, 13.29%. Although the values obtained from combining the technologies had higher indices than the initial pulp, the larger number of bonds failed to ensure maintenance of this property, demonstrating that individual fiber strength is reduced to the extent that energy consumption is intensified.
It was also found that the combination of ultrasonic treatment with the enzymatic treatments resulted in reduced indices of tear resistance. Nearly stabilized results for this property to the extent that the ultrasonic treatment was intensified reinforces the notion that this treatment does not reduce intrinsic fiber strength. It is thus postulated that a reduction in this property is directly correlated with the mechanism of enzyme action. The ultrasonic treatment provided smaller increases, in relation to the initial control pulp, than the PFI mill. However, when this treatment is combined with the enzymatic treatment, it provides larger increments, indicating that the small internal disarray caused by the ultrasonic treatment facilitates enzyme action.
The combination of PFI mill refining with the Cellulase enzyme treatment resulted in maximum increase of 73.76%, in relation to the initial control pulp, requiring 15 Wh of energy consumption. The combination of ultrasonic treatment with enzyme treatment resulted in a Combination of enzymatic, mechanical ...
Ring crush strength
Compressive strength is one of the most important properties of papers that will later be subjected to compression and stacking, including corrugated cardboard sheets for packaging purposes (SILVA, 2011).
As was concluded for tear index, the combination of PFI mill refining with enzymatic treatments and ultrasound refining with enzymatic treatments result in reduced intrinsic fiber strength. It can thus be concluded that improvements obtained for this property are correlated with increased number of interfiber bonds.
Although tear resistance tests and ring crush resistance tests are influenced by the same fiber characteristics, they may produce different results, due to the mode and point of force application differing between them (SILVA, 2011). Figure 4 shows that pulps subjected to the treatment with the Cellulase enzyme had greater increments, in relation to the unrefined control pulp, with maximum increases of 122.08% and 74.03% respectively combined with PFI mill refining and with ultrasonic refining. 
Bulk
As for the combination of enzymatic treatment with PFI mill refining, it seems likely that fibers were affected by the enzyme action, to a point where they collapsed from the pressure applied by the handsheet forming process ( Figure 5 ). The bulk decreased as the refining intensity increased, on account of fiber collapse, of reduced individual fiber strength and of increased fines production. A maximum reduction of 28.97% was observed in bulk when the pulp was treated with the Cellulase enzyme. The ultrasonic treatment reduced the bulk of the paper only at high intensity, increasing the fines content in the pulp. Under less intense conditions, the specific bulk volume was increased by ultrasound action, as results illustrate. A maximum increase of 4.21% was observed in the bulk when the pulp was treated with Mixture 1 enzyme.
The increase in bulk observed here, and by Silva and Oliveira (2002) , could be related to cavitation. Increased viscosity reduces the likeliness of cavitation bubbles forming and retards the energy propagation from their implosions. Therefore, it can be concluded that a more consistent suspension is less likely to suffer the effect of cavitation, which apparently impairs fiber swelling, whereas in a suspension with less viscosity the indirect effect of waves on the fibers appears to be, in this respect, more effective. A reduction in the nominal power of the device is directly related to the amplitude of ultrasonic waves, which in turn affect the way cavitation bubbles are formed.
Results found in this study revealed that both the combination of PFI mill refining with enzymatic treatments and the combination of ultrasonication with enzymatic treatments are capable of developing the properties of recycled paper. And, based on the F-test, the hypothesis of equality for the five equations was rejected, both for pulps refined in a PFI mill and for pulps subjected to ultrasound, regarding all physical and mechanical properties, which leads to the conclusion that there are significant differences (P<0.05) between the treatments.
The combination of enzymatic treatments with PFI mill refining causes intenser changes to fibrillar structures and thus enables greater increases in flexibility, collapsibility and in fiber surface area, reducing handsheet porosity while improving fiber network conformability. Consequently, this combination promotes greater increments in the properties that depend on interfiber bonding, if compared with the combination of enzymatic treatments with ultrasonication, whereas the latter enables increments in relation to the initial pulp and superior gains relative to the first combination in the properties that depend on intrinsic fiber strength.
Although the enzyme Mixture 2 showed increases in relation to the reference sample, both for PFI mill and for ultrasound pulps, overall the performance of this enzyme was poorer than that of the other enzymes. This effect could be related to the time of treatment fibers had been subjected to with this enzyme (half the time used by other enzymes).
Two situations can be defined when it comes to combined use of enzymes and PFI refining or ultrasound. In the first, refining could be kept at a constant level (maintaining the energy consumption applied), thus gain in terms of physical and mechanical strength of the paper. In the second, paper specifications could be kept constant, that way leading to a reduction in the energy required by refining operations. Both situations offer significant advantages, the first enables improved end product quality whereas the second offers clear advantage in reducing production costs. Another aspect to be taken into account is that, where a good result is attained in ultrasonic and/or conventional refining, use of enzymes could potentially reduce the requirement for additives such as starch. Results found in this study led to the following conclusions:
-both the combination of PFI mill refining with enzymatic treatments and the combination of ultrasound with enzymatic treatments were effective in enhancing the properties of recycled paper derived from post-consumer scrap;
-properties relating to interfiber bonding such as tensile index and ring crush strength had greater increases, in relation to the initial pulp, in pulps derived from the combination of PFI mill refining with enzymatic treatments;
-the combination of ultrasonication with enzymatic treatments acts more mildly than the combination of PFI mill refining with enzymatic treatments;
-properties relating to intrinsic fiber strength such as tear index and bulk had greater increases in pulps derived from the combination of ultrasonication with enzymatic treatments; -overall, the Cellulase enzyme was more effective in improving paper properties.
